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I n t r o d u c t i o n  

inc lude o x i d a t i o n  o f  l i g n i t e s  i n  storage p i l e s ,  which can cause spontaneous combustion, 
t h e  de t r imenta l  e f f e c t  o f  o x i d a t i o n  on l i q u i d  y i e l d s  i n  l i q u e f a c t i o n  and on the  coking 
p r o p e r t i e s  o f  m e t a l l u r g i c a l  coa l ,  and the use o f  o x i d a t i o n  t o  i n h i b i t  the  s w e l l i n g  o f  
coal  i n  both l i q u e f a c t i o n  and g a s i f i c a t i o n  processes. O p t i c a l  microscopy has been an 
impor tan t  means o f  i n v e s t i g a t i n g  o x i d a t i o n  i n  coal  formany years. Such s tud ies  gener- 
a l l y  i n v o l v e  the  observa t ion  o f  po l i shed surfaces o f  coal usins r e f l e c t e d  l i g h t .  Irrmer- 
s ion  o i l  i s  a lso  normal ly  used t o  increase t h e  c o n t r a s t  between the  var ious compments o f  
the  c o a l .  
been reported. 
coal  exposed t o  oxygen a t  230°C. They a l s o  developed mathematical equations t o  
descr ibe the r a t e  o f  widening o f  these o x i d a t i o n  borders from t h e  sur face  towards 
the  center o f  a coal  p a r t i c l e .  
coa ls  have been r e p o r t e d  by Chandra ( 2 ) ,  Benedict and Berry (3 )  and Goodarzi and 
Murchison ( 4 ) .  

used i n  the study of c o a l .  
samples must be l e s s  than about 20 micrometers t h i c k .  Th in  s e c t i o n  microscopy o f  
coal  was common some 40 years  ago. I n  p a r t i c u l a r ,  Thiessen (5 )  and o ther  workers a t  
the  U.S. Bureau o f  Mines used t h i s  technique ex tens ive ly .  However, a l though some 
workers cont inue t o  use t h i n  s e c t i o n  techniques t o  study coa l ,  s ince  t h e  1950's 
r e f l e c t e d  l i g h t  microscopy o f  coal  using po l i shed surfaces and immersion o i l  has be- 
come predominant. Reasons f o r  t h i s  inc lude ease o f  p repara t ion  o f  t h e  samples and the 
a b i l i t y  t o  r e a d i l y  o b t a i n  q u a n t i t a t i v e  data from measurements o f  t h e  r e f l e c t i v i t y  o f  
the  coal surface. There are a few references t o  the  use o f  t h i n  sec t ions  f o r  t h e  
study o f  thermal ly  metamorphized coals,  such as the  work by Marshal l  ( 6 ) ,  b u t  no 
references t o  the  use o f  t r a n s m i t t e d  l i g h t  microscopy f o r  the  study o f  coa ls  ox id ized  
a t  e levated temperatures have been found. I n  t h e  present study i t  was discovered 
t h a t  t ransmi t ted  l i g h t  microscopy using t h i n  s e c t i o n  samples o f  coal  was f a r  more 
s e n s i t i v e  t o  the e f f e c t s  o f  o x i d a t i o n  than the convent ional  r e f l e c t e d  l i g h t  microscopy 
of coal .  
pathways f o r  r a p i d  p e n e t r a t i o n  o f  oxygen i n t o  coa l .  

The o x i d a t i o n  o f  coal  i s  important t o  a range o f  coal  technologies.  These 

A number o f  s tud ies  o f  coal  o x i d a t i o n  us ing  r e f l e c t a n c e  microscopy have 
Peters and Juntgen (1) observed o x i d a t i o n  borders around p a r t i c l e s  of 

Other r e f l e c t a n c e  s tud ies  on o x i d i z e d  o r  weathered 

Transmit ted l i g h t  o p t i c a l  microscopy employing t h i n  s e c t i o n  samples i s  a lso  
Because o f  the high l i g h t  absorp t ion  o f  coa l ,  these 

I n  t h e  present  i n v e s t i g a t i o n  t h i n  s e c t i o n  samples are  u t i l i z e d  t o  study the 

Experimental 

I l l i n o i s  #6 coa l  was ground and sieved t o  o b t a i n  a 2 0 x 3 0  U.S. mesh c u t .  
Th is  sample was washed o f  f i n e s  i n  d i s t i l l e d  water and then d r i e d  overn igh t  i n  vacuum 
a t  120°C. 
ox id ized  a t  atmospheric pressure i n  a Perkin-Elmer TGS-2 thermogravimetr ic analyzer.  
The gas cons is ted  of 1 mole per  cent  oxygen i n  argon. The samples descr ibed i n  t h i s  
study were heated a t  160°C per minute tn  3 6 5 O C  2nd he!.'- :t t5- t  t:xp:xt;;-e fci- :: 
minutes unless otherwise noted. 

were prepared us ing  procedures s i m i l a r  t o  those descr ibed by Ting ( 7 ) .  
Ortholux 11-Pol BK microscope was used f o r  observing t h e  samples and a Wi ld photo- 
automat MPS 50 automat ic 35mm camera system was used f o r  t a k i n g  photomicrographs 
w i t h  Kodak High Speed Ektachrome ASA 400 d a y l i g h t  f i l m .  
ver ted  t o  black and w h i t e  p r i n t s  f o r  t h i s  paper. 

I t  was then s to red  i n  n i t r o g e n  a t  room temperature. The samples were 

They were then cooled r a p i d l y .  
The o x i d i z e d  coa l  p a r t i c l e s  were embedded i n  epoxy, and t h i n  s e c t i o n  samples 

A L e i t z  

The c o l o r  s l i d e s  were con- 
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Results and Discussion 

A p a r t  o f  a t h i n  sec t i on  o f  an ox id i zed  coal  p a r t i c l e  i s  shown i n  the  t rans-  
m i t t e d  l i g h t  photomicrograph o f  F igu re  1. 
r i n i t e ,  has a t h i n  o x i d a t i o n  border  around i t s  per iphery.  
four micrometers t h i c k ,  i s  unusal l y  uniform; t h i s  i s  i n d i c a t i v e  o f  the homogeneity 
Of t h i s  p a r t i c u l a r  p iece  of coal .  
f u s i o n  o f  the oxygen i n t o  the homogeneous v i t r i n i t e  i s  q u i t e  slow. 

An i n t e r n a l  reg ion  o f  a sample o f  v i t r i n i t e ,  which was ox id i zed  a t  365°C 
f o r  t h ree  minutes, i s  shown i n  F igure 2. The sample i s  permeated by a number Of 
cracks and holes.  The dark areas border ing these reg ions are ox id ized.  
t h a t  cracks and holes are pathways f o r  r a p i d  pene t ra t i on  o f  oxygen i n t o  the coal  
s t ruc tu re .  
were a t  the sur face o f  the p a r t i c l e  i n  F igure 1. 
and cracks the re  are massive blackened areas. 
become microporous p e r m i t t i n g  r a p i d  pene t ra t i on  by the  oxygen. 

of l o c a l i z e d  heat ing of  t he  coal  o r  py ro l ys i s .  There a re  several  reasons why l o c a l -  
i z e d  heating would n o t  be a problem: 

This  specimen, o f  r e l a t i v e l y  uniform v i t -  
The border, which i s  about 

The narrowness o f  t he  border shows t h a t  the d i f -  

Th is  shows 

Around some o f  these reg ions the  o x i d a t i o n  borders a re  t h i n ,  much as they 
However, around most of the ho les  

I n  these reg ions t h e  v i t r i n i t e  has 

The darkened ox ida t i on  reg ions i n  these coal  p a r t i c l e s  a re  n o t  a consequence 

(a )  

(b) 

The oxygen concentrat ion i n  the surrounding qas i s  q u i t e  low, on l y  
1.0 mole pe r  cent ,  

Oxidat ion occurs along deep cracks and a t  o the r  spots deep w i t h i n  t h e  
coal ,  as w e l l  as a t  t he  surface. This  i nd i ca tes  t h a t  t h e  o x i d a t i o n  
i s  n o t  apprec iab ly  enhanced by temperature gradients  f rom the su r face  
t o  the i n t e r i o r  o f  the  p a r t i c l e s ,  

( c )  Many o f  t he  o x i d a t i o n  borders a re  q u i t e  narrow, so the  temperature 
gradients  across them must be q u i t e  small ,  

(d)  When t h i s  coal  i s  heated i n  t h e  absence o f  oxygen t o  more than 20°C 
h ighe r  than the  temperatures used i n  t h i s  experiment, no blackening 
e f f e c t s  such as those caused here by o x i d a t i o n  a re  observed, 

The temperature o f  the coal  i n  t h i s  experiment was c a r e f u l l y  c o n t r o l l e d  
and t h e  sample s i z e  was on ly  about 20 mg, 

F i n a l l y ,  s i m i l a r  darkening e f f e c t s  due t o  o x i d a t i o n  were observed i n  
coal  which was ox id i zed  a t  temperatures as low as  150°C. 

( e )  

( f )  

I n  F igure 3 exac t l y  the same region o f  the same p a r t i c l e  as was shown i n  
Figure 2 i s  again shown, except t h i s  t ime i t  i s  viewed i n  r e f l e c t e d  l i g h t  us ing 
immersion o i l .  Many o f  the ox id i zed  areas a re  n o t  r e a d i l y  ev ident .  Th i s  shows t h a t  
t ransmi t ted l i g h t  microscopy o f  t h i n  sect ions i s  a f a r  more s e n s i t i v e  technique f o r  
s tudy ing the e f f e c t s  o f  o x i d a t i o n  o f  coal  a t  e levated temperatures than i s  r e f l e c -  
tance microscopy. 

A sec t i on  of coal  con ta in ing  a c i r c u l a r  maceral i s  shown i n  F igure 4. This  
maceral, which i s  c l a s s i f i e d  as a " r e s i n  r o d l e t "  i s  a type o f  v i t r i n i t e .  Resin rod-  
l e t s  appear t o  q u i t e  homogeneous and they apparent ly  have very l i t t l e  po ros i t y .  Th is  
i s  i l l u s t r a t e d  i n  F igure 4 where almost the whole i n t e r f a c e  between t h e  r e s i n  r o d l e t  
and the  comnon type o f  v i t r i n i t e  i s  darkened by ox ida t i on ;  b u t  a l though the  o x i d a t i o n  
extends we l l  i n t o  the  common v i t r i n i t e  ma te r ia l ,  t he re  i s  almost no pene t ra t i on  o f  
the  r e s i n  r o d l e t .  

from the v a r i a t i o n s  i n  the  l i gh tness  o f  the ma te r ia l  (apa r t  from ox ida t i on ) .  Th is  
heterogenei ty  i s  probably the  reason f o r  the r a t h e r  h igh  degree o f  pene t ra t i on  o f  oxygen 

The o v e r a l l  sample i n  F igure 4 i s  somewhat heterogeneous as can be seen 
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i n t o  t h i s  p a r t i c l e  ( t h e  blackened reg ions)  bo th  i n  i n t e r i o r  reg ions  and a t  the surface 
( f o r  example, compare t h i s  p a r t i c l e  w i t h  the  one i n  F igure  1). Note t h a t  some par ts  
o f  the  surface o f  t h i s  p a r t i c l e  have a very narrow o x i d a t i o n  border--such as j u s t  
below the l a r g e  crack-whereas around most o f  t h e  sur face  t h e r e  i s  s u b s t a n t i a l  pene- 
t r a t i o n .  Also, 
note t h a t  the  o x i d a t i o n  border along the l a r g e  crack i s  narrow from i t s  mouth up t o  
about h a l f  way a long i t s  leng th ,  b u t  the end reg ion  o f  the  crack has a massive ox id ized  
area around it. 
are  probably a r e s u l t  o f  the f r a c t u r e  mechanism ( o r  the  t e r m i n a t i o n  of f r a c t u r e  pro- 
pagation) i n  the c o a l .  I t  i s  l i k e l y  t h a t  a m u l t i t u d e  o f  m i c r o f r a c t u r e s  a r e  formed a t  
the  t i p  of the  propagat ing crack due t o  the  stresses created i n  t h e  f r a c t u r e  process. 
These mic ro f rac tu res  broaden the r e g i o n  o f  s t r e s s  concent ra t ion  around t h e  crack t i p  
and thereby te rmina te  crack propagat ion.  

A sample of coal con ta in ing  a considerable amount o f  l i p t i n i t e  mater ia l  i s  
shown i n  F igure  5. Some 
o f  the  l i p t i n i t e  i s  d e r i v e d  from spore w a l l s  and p o s s i b l y  some o f  i t  i s  resinous 
mater ia l .  I t  i s  c l e a r  from t h i s  photomicrograph t h a t  the oxygen o n l y  penetrates the  
l i p t i n i t e  reg ions  s lowly  ( i n  the absence o f  c racks) .  
no f a s t e r  than f o r  t h e  ad jacent  v i t r i n i t e  regions. Even where oxygen penetrated 
across one o f  the  l i p t i n i t e  macerals a t  the top  o f  the  photomicrograph (probably 
along a crack),  t h e  f u r t h e r  d i f f u s i o n  o f  oxygen i n t o  the  maceral was slow. 
no i n d i c a t i o n  o f  oxygen p e n e t r a t i o n  a t  the  i n t e r f a c e  between the  l i p t i n i t e  and 
v i t r i n i t e  bands. Th is  i n d i c a t e s  very  i n t i m a t e  bonding between these macerals. 
ever, there does appear t o  be penet ra t ion  o f  oxygen (darkened d i f f u s e  l i n e s )  a t  t h e  
i n t e r f a c e s  between some r e c t a n g u l a r  v i t r i n i t e  macerals i n  the l e f t - m i d d l e  p a r t  of the 
f i g u r e  and the l a r g e r  bands o f  v i t r i n i t e  i n  which they  are contained. 

Only a smal l  f r a c t i o n  o f  t h e  pieces o f  coal  observed i n  t h i s  study a t  365OC 
showed the fo rmat ion  o f  vacuoles ( i . e .  s w e l l i n g ) .  
one o f  the pieces c o n t a i n i n g  a vacuole. 
m a t e r i a l  a t  t h e  s u r f a c e  b u t  t h e r e  i s  no t r a c e  o f  o x i d a t i o n  on the i n t e r i o r  border o f  
the  vacuole. 
o f  the coal p a r t i c l e ,  o r  i f  there  were such pathways, gases escaping from the vacuole 
prevented s i g n i f i c a n t  counter d i f f u s i o n  o f  oxygen. 
b i l i t y ,  i t  should be noted t h a t  cracks i n  the coal  which have an opening on the  surface 
i n v a r i a b l y  have an o x i d a t i o n  border i n  s p i t e  o f  any gases being re leased from the 
c o a l - - t h i s  even inc ludes  v e r y  long and very narrow microcracks.  
a vacuole has f a r  more surface area t o  take up any oxygen which en ters  i t  than does a 
crack. It i s  i n t e r e s t i n g  t h a t  i n  s p i t e  o f  t h e  l a r g e  vacuole i n  t h i s  p a r t i c l e ,  no 
d i s t o r t i o n  of the surface o f  the p a r t i c l e  i s  evident.  
r i m  has a s t rong r e i n f o r c i n g  and s t a b i l i z i n g  e f f e c t  on the surface o f  t h e  p a r t i c l e .  

On the  
l e f t  s ide of t h i s  photomicrograph are  some resin r o d l e t s  embedded i n  s t r i a t e d  ( t h i n  
bands) v i t r i n i t e .  I n  t h i s  d is rup ted  reg ion  o f  the  c o a l ,  s u b s t a n t i a l  penet ra t ion  of 
oxygen ( the  black areas) i s  found. 
i n d i c a t i n g  poor c o n t a c t  o r  bonding a t  the i n t e r f a c e s  between t h e  d i f f e r e n t  macerals. 
However, i n  many p a r t i c l e s  which have a r e l a t i v e l y  r e g u l a r  banding p a t t e r n ,  penet ra t ion  
of t h e  coal s t r u c t u r e  has been observed t o  be s l i g h t .  

A sample o f  r e l a t i v e l y  homogeneous v i t r i n i t e  w i t h  several  pieces of p y r i t e  
embedded i n  i t  i s  shown i n  F igure  8. This photomicrograph u t i l i z e d  a combination o f  
t ransmi t ted  l i g h t  and r e f l e c t e d  l i g h t  on a t h i n  s e c t i o n  sample. The l i g h t  spots i n  
t h e  coal  a re  the  p y r i t e ,  t h e  d i f f u s e  dark regions a r e  the ox id ized  areas. I n  t rans-  
m i t t e r !  ! i nh t  ?!..e th: ;yr;tc ;;x:d :a :;,i&, j, 
from an ox id ized  r e g i o n  o n l y  by i t s  shape o r  by i t s  sharp border (as contrasted w i t h  
t h e  d i f fuse  borders o f  o x i d i z e d  reg ions) .  I n  F igure  8, however, t h e  area around the  
p y r i t e  has been o x i d i z e d  so use of  r e f l e c t e d  l i g h t  was necessary i n  order t o  see the  
i n t e r f a c e  between the p y r i t e  and the  ox id ized  reg ions  o f  t h e  v i t r i n i t e .  
t h a t  contained p a r t i c l e s  o f  p y r i t e  it was o f t e n  found t h a t  t h e  area around the p y r i t e  
was ox id ized  such as was seen i n  F i g u r e  8 - - e s p e c i a l l y  i f  t h e  p y r i t e  was near the  sur -  
face of the p a r t i c l e .  

These v a r i a t i o n s  are i n d i c a t i v e  o f  the  he terogen ie ty  o f  t h i s  p a r t i c l e .  

Large ox id ized  areas around the  ends o f  cracks a r e  q u i t e  connnon; they 

The l i p t i n i t e  i s  the l i g h t e r  bands i n  the  photomicrograph. 

The penet ra t ion  appears t o  be 

There i s  

How- 

F igure  6 i s  a photomicrograph o f  
The p a r t i c l e  has a t h i n  border o f  ox id ized  

This i n d i c a t e s  t h a t  e i t h e r  t h e r e  were no s i z a b l e  pathways t o  the surface 

With respec t  t o  t h i s  l a t t e r  possi-  

On the  o ther  hand, 

This suggests t h a t  the o x i d a t i o n  

A heterogeneous r e g i o n  o f  v i t r i n i t e  m a t e r i a l  i s  shown i n  F igure  7.  

The o x i d a t i o n  tends t o  f o l l o w  along the  s t r i a t i o n s  

p y r i i e  couid be d is t ingu isned 

I n  samples 

Apparent ly the  i n t e r f a c e  between the  pyrite and t h e  ,,itrinite 
44 



i s  porous o r  perhaps the p a r t i c l e s  o f  p y r i t e  have porous s t ruc tu res .  

temperature o f  365"C, observat ions were made r e c e n t l y  on samples ox id ized  a t  temper- 
a t u r e  as low as 150OC. 
observable i n  t h i n  sec t ion  samples as darkened areas. These r e s u l t s  are i n  c o n t r a s t  
t o  r e f l e c t a n c e  s tud ies  o f  coal  o x i d a t i o n  where o x i d a t i o n  r ims have n o t  been observed 
f o r  exposure temperatures below 170°C and where d e t e c t i o n  o f  o x i d a t i o n  i s  extremely 
d i f f i c u l t  even f o r  an exposure temperature o f  200°C (8) .  

Conclusions 

I n  a d d i t i o n  t o  t h e  s tud ies  o f  o x i d a t i o n  descr ibed above us ing  an exposure 

Even a t  15OOC ox id ized regions o f  t h e  coal  were r e a d i l y  

Transmit ted l i g h t  o p t i c a l  microscopy us ing  t h i n  s e c t i o n  samples has been 
found t o  be s u b s t a n t i a l l y  more s e n s i t i v e  t o  reg ions  o f  coal  ox id ized  a t  e leva ted  
temperatures than convent ional  r e f l e c t e d  l i g h t  coal microscopy. T h i s  h i g h e r  sen- 
s i t i v i t y  enables d e t e c t i o n  o f  m i l d  o x i d a t i o n  which would go undetected i n  r e f l e c t a n c e  
observat ions.  
than i s  poss ib le  w i t h  r e f l e c t a n c e  microscopy. 
r a p i d  penet ra t ion  o f  oxygen i n t o  coal  p a r t i c l e s  inc luded rnaceral i n t e r f a c e s ,  hetero- 
geneous o r  d i s r u p t e d  mic ros t ruc tures ,  and mineral  mat te r ,  as w e l l  as cracks and 
holes. Penet ra t ion  o f  oxygen i n t o  coal  was slow i n  homogeneous v i t r i n i t e  and i n  t h e  
observed l i p t i n i t e  macerals. Penet ra t ion  was p a r t i c u l a r l y  slow i n  r e s i n  r o d l e t s .  
The pathways f o r  penet ra t ion  o f  coal by oxygen are probably a l s o  r e l e v e n t  t o  the  
penet ra t ion  o f  coal by o ther  gases, vapors, and even l i q u i d s .  
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Fig.  1. Thin o x i d a t i o n  border  around r e l a t i v e l y  homogeneous v i t r i n i t e  

F ig .  2 .  I n t e r n a l  o x i d a t i o n  around c racks  and ho le s  and i n  mic ro - f i s su red  r e g i o n s  
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Fig.  3. Ref lec t ed  l i g h t  i l l u m i n a t i o n  u s i n g  immersion o i l  of same a r e a  

a s  was shown i n  Fig.  2 

Fig.  4 .  Oxidat ion a t  a maceral  i n t e r f a c e ,  bu t  w i t h  v e r y  l i t t l e  p e n e t r a t i o n  

of a r e s i n  r o d l e t  

47 



Fig. 5 .  Slow oxygen penetration i n t o  l i p t i n i t e  macerals with no observed 

penetration along the l i p t i n i t e - v i t r i n i t e  in ter face  

s 

._- - _ _  

Fig .  6 .  Vacuole with no oxidation along i t s  i n t e r i o r  surface 



Fig. 7 .  Extensive oxidation i n  heterogeneous regions i n  a par t i c l e  of coa l  

Fig. 8 .  Oxidation around pyrite  granules a s  observed in  combined transmitted 

and re f l ec ted  l i g h t  
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